The electrochemical reduction of imazapyr at the static mercury drop electrode was studied by cyclic voltammetry as a function of pH in aqueous buffered media. The process leads to the 2,3-CvN double bond reduction in the imidazoline moiety in all media. The products have been isolated by controlled-potential electrolyses and identified by high performance liquid chromatography-tandem mass spectrometry measurements and 1 H-NMR,
Imidazolinones are a family of compounds inaugurated in 1981 by the American Cyanamid with the synthesis of the herbicide imazapyr 1 ͑see Scheme 1͒ and a set of others whose herbicide activity was modulated by adding a substituent on position 5 of the pyridine moiety or, alternately, interchanging the aromatic system with benzene or naphthalene. Further studies demonstrated that this type of chemical exhibits anticonvulsive activity, antimicrobial efficiency over infectious diseases, 2 and the ability to act as chelating ligands with various metal ions. [3] [4] [5] Their organometallic complexes may show specific chiral catalytic activity in the homogeneous asymmetrical syntheses 6 or spin-crossover characteristics 7 that make them suitable for developing molecular switches, sensors, organic displays, or data storage devices.
Synthesis and characterization of related compounds with similar structures 8 and their respective chelate complexes with some metal ions using structural analysis by 1 H-NMR, 13 C-NMR, optical rotation, absorption, electron paramagnetic resonance spectroscopy, X-ray diffraction, elemental analysis, and others have been reported.
The degradation of imidazolinone herbicides has been studied extensively in natural media. This degradation is induced by sunlight 9 ͑with or without a soil component͒ and soil micro-organisms. 10, 11 In both mechanisms, redox reactions occur as well as adsorption processes with metal ions in the soil. 3, 4 Most studies on the degradation of pesticides are based on photochemical 12 and microbial 11 processes, although some authors have presented electrochemical degradation methods ͑via oxidation, in most cases͒ in an extensive range of organic molecules 13 including several pesticides. 14 Although the reduction of the CvN double bond has been extensively studied, 15, 16 the information that was published on the electrochemical behavior of this group in imidazolinone compounds is very limited. Only two research groups have published something about the reduction mechanism. 8, 17 On the electrochemical reduction of mono͑imidazolyl͒pyridines, Mikysek et al. 8 referred to the appearance of a pair of diastereoisomers but made no statement on the stereoselectivity of the reduction process.
Control of the synthesis process of organic compounds is one of the most important fields in organic chemistry and is well-developed today. However, the stereochemical aspects of organic electrochemistry have advanced slowly because the manner of stereocontrol in electrochemical reactions is highly complex. Stereochemical results are influenced by a wide variety of experimental conditions such as temperature, electrode material, the nature of the electrolyte solution, and electroactive species. In all cases reported, 18, 19 the desired selectivity in an electrochemical process is achieved by using a chemical inducer of chirality and enhanced by modulating the experimental conditions of reaction. Although Mikysek et al. did not report anything about the diasteroselectivity, ͑i͒ the influence of pH on the electrochemical behavior, ͑ii͒ the presence of multiple ionizable substituents in the molecule structure ͑all the nitrogen atoms in the imidazolyl-pyridine derivative͒, and ͑iii͒ the existence of an asymmetric carbon may induce selectivity in the reduction of a prochiral carbon ͑C2 in the imidazolinic moiety͒. To show this hypothesis, we studied the electroreduction of a commercial imidazolinone molecule ͑imazapyr͒ in a wide range of pH.
The aim of this paper is to contribute to a better understanding of the reduction mechanism of imidazolinones and to show the possibility of achieving selectivity in an electrodic process in the absence of auxiliaries.
Experimental
Reagents and solutions.-Imazapyr ͑Pestanal͒ was purchased from Riedel as analytical standard ͑purity Ͼ 99.9%͒ and was used without further purification. All the other reagents employed were of analytical grade.
All solutions were prepared using low conductivity water ͑18 M⍀ cm͒ purified by a Millipore Milli-Q water system. Stock solution of 0.1 M Britton-Robinson buffer was prepared, and ionic strength was adjusted with 0.1 M tetraethylammonium hydrogen sulfate ͑TEAHSO 4 ͒. pH of the working solutions was adjusted with solid NaOH or small additions of concentrated commercial HCl.
Imazapyr solutions were stored in closed recipients and protected from sunlight to avoid the decomposition of the herbicide. The solutions were rejected after 3 days.
All the experiments were carried out at room temperature except for the cyclic voltammetry ͑CV͒ experiments, which were at 25.0 Ϯ 0.1°C in a cell with a water jacket. For the electrochemical experiments, oxygen was removed by bubbling nitrogen through the solutions.
Organic Chromasolv grade solvents were used for the purification and separation of the products.
z E-mail: jdaniel.mozo@diq.uhu.es Apparatus.-Voltammetric experiments were performed with an Autolab PGSTAT 20 electrochemical analyzer. A three-electrode cell was used that includes a static mercury electrode ͑Metrohm 663VA Stand͒ as the working electrode and a glassy carbon rod as the auxiliary electrode. All potentials were measured vs the Ag/AgCl/ NaCl ͑saturated͒ reference electrode.
The electrolysis experiments were carried out with an INTQ-8 coulometer from CAEM Instrumentación. A home-made polyethylene cell was used. This cell has two compartments separated by an inert diaphragm. The working compartment includes the working mercury pool electrode, the Ag/AgCl/NaCl ͑saturated͒ reference electrode, the nitrogen bubbler, and the imazapyr solution. The anodic compartment was filled with solid wet NaCl and included a Pt coil as the auxiliary electrode.
The electrolysis products were analyzed by a 3200 Q Trap liquid chromatography-tandem mass spectrometry system from Applied Biosystem equipped with a Mediterranea SEA 18 ͑15 ϫ 0.21 cm, 5 m͒ chromatographic column by Teknokroma. The mass spectrometer ͑MS͒ detector was equipped with an electrospray ionization source operating in positive ion mode ranging from 50 to 1000 m/z.
1 H-and 13 C-NMR spectra of products were made with a Mercury 400 MHz by Varian and correlated in bidimensional diagrams with gradient correlation spectroscopy and gradient heteronuclear single quantum coherence modes to a better assignment of peaks. IR spectra were also measured with an IR200 spectrometer by ThermoNicolet Inc.
Ultraviolet-visible ͑UV-vis͒ absorption spectra were recorded on a Varian Cary 1E UV-vis spectrophotometer.
The polarimetric measurements were performed in an E. Hartnack HA-4001 polarimeter equipped with a mercury low pressure lamp and a 100 mm path length test tube with optical quartz windows.
The circular dichroism ͑CD͒ spectra were recorded on a BioLogic Mos-450 spectropolarimeter with a standard quartz cell of 1 cm path length.
Procedures.-CV.-The concentration of imazapyr was 1 ϫ 10 −3 M in all voltammetric measurements and the scan rate ranged from 0.1 to 40 V/s. The diameter of the working electrode was 0.33 mm.
Controlled-potential electrolyses.-To determine the nature of reduction products, preparative electrolyses were performed in the acid and alkaline media. The mercury pool electrode was constructed by adding 10 mL of tridistillate mercury. An amount of 100 mg of imazapyr exactly weighted was dissolved in 10 mL of stock solution and pH was adjusted to 1.2 and 10.9, respectively. The working solution was kept agitated by the bubbling of nitrogen, and the surface of the mercury electrode was renewed by magnetic stirring. To determine the electrolyses potential for each pH, differential pulse voltammetry was performed in situ. The electrolyses potential was maintained for 5 h until the current was 0.1% of its initial value. A 90% yield in current was obtained in both electrolyses.
Isolation of the products.-After electrolyses, pH of the solution was adjusted to 4.1 to neutralize the charges of the products and the reagent remaining. These solutions were evaporated to dryness; the residue was extracted with chloroform. The extract was then reduced to dryness again and was methylated with an excess of 0.1 M trimethylphenylammonium hydroxide ͑TMAH͒ in methanol and reevaporated to dryness. Excess TMAH was removed by percolating the extract in a silica gel ͑Merk 1.09385.1000͒ column ͑inner diameter = 2 cm; h ϳ 10 cm͒ and a chloroform/methanol ͑12:1, v/v͒ mixture. Methylated derivatives of the compounds I and II ͑see Scheme 1 and Preparative electrolyses experiments section concerning the nature of products͒, called Met-I and Met-II, were eluted together by washing the column with pure methanol.
Chromatographic method and the resultant data.-The flow rate for the high performance liquid chromatography ͑HPLC͒ was 300 L/min. Analysis was carried out using a gradient solvent program. The initial composition of the mobile phase was 10% acetonitrile and 90% water, both acidified with 0.1% of formic acid. An isocratic regime was maintained for 2 min. The gradient was programmed to linearly increase the amount of acidified acetonitrile up to 60% in 28 min, and then an isocratic regime was maintained for 5 min. To clean the column, the amount of acidified acetonitrile was kept constant at 100% for 5 min, and after, 10% of acidified acetonitrile for 2 min.
Chromatograms of electrolyzed crude solutions were recorded with the MS detector tuned to the m/z ratio corresponding to molecular ions ͑M + 1͒ + of imazapyr ͑M = 261͒ or reduced imazapyr ͑M = 263͒, respectively. In the first case, only one peak was observed at ϳ9.8 min, which corresponds to the nonelectrolyzed imazapyr. The similarity between the mass spectrum for this peak and that for the imazapyr standard in the same conditions confirms this assignment. In the second case, the chromatogram of the reduction products was obtained. There are two peaks at 1.8 and 6.1 min, which correspond to the diasteroisomers of the reduced imazapyr ͑this molecule has two chiral centers͒. The assignment of these peaks to diasteroisomers is confirmed by their equal mass spectra.
Similar results were obtained when the imazapyr was electrolyzed in acid and alkaline media, except for the relative intensities of chromatographic peaks, which depend on pH. The results are shown in Table I The results obtained at different pH values indicate dependence between the intensities of the peaks of products I and II and pH of the electrolyses. This dependence is the same as that observed in the chromatographic peaks and is reported in Table I 4 . In strongly acidic medium, the spectra present a single band whose maximum absorption is at 236 nm. From slightly acidic medium, two absorption bands arise with maxima centered at 224 and 267 nm.
Polarimetry and CD.-The polarimetric experiment was made at 253.7 nm using an aqueous solution of imazapyr 10 −3 M at room temperature. No change in the angle of rotation was observed, which shows that commercial imazapyr is a racemic mixture.
To check this last result, CD spectra were performed in the 200-320 nm range at 25°C using different aqueous solutions of imazapyr whose concentration varied from 10 −5 to 10 −3 M. For each spectrum, 5-10 runs were averaged with a 5 min equilibration interval before the scans. Again, the results confirm the racemic composition of the reactant because no CD bands were observed.
Results and Discussion
CV analysis.-The reduction of imazapyr was studied by using the CV technique in a wide range of pH values and sweep rates. The analysis of voltammograms over the whole pH range shows that the reduction process is highly dependent on pH. This can be shown by plotting the peak potential ͑E p ͒ of the first voltammetric wave against this parameter ͑Fig. 1͒. As can be seen, there are three ranges of pH in which the E p behavior is different, which will be described below.
In all media, the number of electrons was two per molecule electrolyzed, and the products were those derived from the double bond 2,3-CvN reduction. As seen in the Experimental section, the preparative electrolyses were performed at pH 1.2 and 10.9. The number of electrons was determined from the total charge and the amounts of reagent electrolyzed. To obtain the number of electrons in those media whose pH values ranged from 1 to 6 and from 10 to 13, the area under the first voltammetric wave was calculated ͑Table II͒, with a similar value achieved in all cases. This fact confirms that the total number of electrons interchanged remains constant across the range of pH studied. Acid media ͑pH Ͻ 6͒.-In this range of pH, imazapyr gave two relevant reduction waves without oxidation, as shown in Fig. 2 .
The peak at the least negative potential, the so-called A, was analyzed. This wave shifts to a more negative potential with increasing pH, as can be seen in Fig. 1 . A slope of ϳ70 mV/pH unit is observed at pH values from 1.0 to 6.0. This behavior indicates that two protons were involved in the whole reduction process. These results and analysis of the final products are consistent with the mechanism proposed by Mikysek et al. 8 for similar molecules ͑IMZH + + 2e + 2H + → IMZH 3 + ͒ in which IMZH + is the imazapyr protonated in 3N and IMZH 3 + corresponds to products I and II protonated in same position.
The pattern of the voltammetric wave also becomes broader and lower with increasing pH. This change in shape can be explained by the adsorption of imazapyr over the mercury electrode and by the pH dependence on this process. However, the number of electrons remains constant. Neutral and weakly alkaline media ͑6 Ͻ pH Ͻ 10͒.-In this region, wave A goes down and, at the same time, splits into a new wave ͑B͒ at more negative potentials, whose intensity increases with pH ͑Fig. 3͒. Slight changes in the peak potential of wave A are observed across this range of pH, while the peak potential of wave B remains constant. According to the analysis of I L convoluted, these waves can be associated to the reduction processes of two chemicals involved in an acid/base equilibrium. As can be seen in the insert of Fig. 3 , the addition of intensities ͑I L A + I L B ͒ remains constant throughout this pH range. This behavior is related to a protonation equilibrium before the reduction, as will be explained later.
Meanwhile, an oxidation wave appears whose peak potential shifts to more negative values. The behavior of the oxidation wave with the reverse potential permits us to confirm that it is the anodic process associated to wave B. Strongly alkaline media ͑pH Ͼ 10͒.-In this media, the reduction peak A disappears along with the others at the most negative potential ͑see Fig. 4͒ . The intensity of the oxidation wave decreases until it disappears in highly alkaline media and its peak potential shifts to more negative values. The formal standard potential of wave B shifts to more negative values at 50-60 mV/pH unit for pH ranged from 11.0 to 13.0. This behavior indicated that two protons are involved in the whole reduction process. The intensity of wave B is determined by the effective concentration of the chemical species, which is reduced in alkaline media, as in an amperometric titration ͑insert of Fig. 4͒ . Unlike the behavior observed in the pH range above, the peak intensity reached its maximum value and remained constant throughout the interval. The evolution of the intensities of waves A and B enables the calculation of the pK a Ј of protonation equilibrium IMZ + H + IMZH + . Wave B corresponds to the reduction of IMZ in alkaline media, and the reduction of IMZH + in acid media results in wave A. A value of pK a Ј = 8.33 has been obtained from the pH value where intensities of both waves A and B are the same. An analysis of the behavior of wave B and its associated oxidation was made to obtain information about the reduction mechanism in this pH range. According to the criteria published by Nicholson and Shain, 20 the evolution of i p a /i p c with log͑v͒ corresponds to an EC i -type mechanism. According to the experimental results of the electrolysis and the slope of E p /pH, the electron transfer step IMZ + 2e + 2H + IMZH 2 can be proposed for alkaline media, which is in line with Mikysek et al. 8 The IMZ reactant is the imazapyr present in alkaline media whose 3N remains unprotonated. The compound IMZH 2 corresponds to the products I and II and can be reoxidated by taking into account the oxidation wave observed. This anodic wave corresponds to the oxidation of the reduced 2,3-CvN group. Because the final products are the same in the entire pH range, the chemical step may be a type of reaction that involves a homogeneous interchange of protons.
The proposed mechanism is consistent with the results obtained by digital simulation. The fit was carried out by using the Digisym program. The best fit in all pH ͑see Fig. 5͒ was obtained by an EC i mechanism. The standard charge-transfer rate constant ͑k s ͒ has a value of 1.2 ϫ 10 −4 Ϯ 0.1 ϫ 10 −4 cm/s in pH ranging from 11 to 13, the rate constant for the homogeneous chemical step ͑k f ͒ increases with pH from 3 to 8 s −1 for the same pH range, and the formal standard potential shifts similarly to the experimental peak potential.
Absorption spectroscopy experiments.-The IMZ molecule has several groups susceptible to proton dissociation ͑see Scheme 1͒ whose pK a values have been measured and assigned by other authors 21, 22 in aqueous solutions with an ionic strength ͑I͒ lower than 0.1 M. In this study, a higher value of I is set ͑ϳ0.4 M͒; therefore, a series of spectroscopic experiments were made to obtain the pK a values for IMZ, as described elsewhere. 23 All these results are summarized in Table III. As can be seen, the pK a Ј value reported in the Strongly alkaline media section does not agree with the spectroscopic ones. This difference suggests that the protonation equilibrium detected by the voltammetry experiments does not correspond to either functional group that interchanges protons. The assignment of pK a Ј to the group that is reduced ͑the 2,3-CvN double bond͒ is consistent with this line of argument.
Preparative electrolyses experiments.-To identify the reaction products unambiguously, bulk electrolyses experiments were carried out at controlled potential. The products obtained in acid and alkaline-buffered media were separated and identified by high performance liquid chromatography-tandem mass spectrometry, NMR, and IR analysis.
In both media, only a mixture of products I and II was detected. According to the structural analysis, these compounds are two diasteroisomers obtained as a result of the reduction of the 2,3-CvN double bond of the imidazole moiety of imazapyr by consuming two electrons and two protons per molecule reduced ͑Scheme 1͒.
The relative quantities of both products obtained are pHdependent, and the yields are summarized in Table I . In addition, there is a change in color of the products dissolved, yielding a pale yellow solution in acid and orange in alkaline.
As seen in Table I , while both products are obtained in almost the same proportion in acid media, there is a diastereomeric excess of product II in alkaline media. That is, the electrochemical reduction of imazapyr in alkaline media shows some selectivity that favors the formation of one of the stereoisomers. Moreover, selectivity has been achieved in the electroreduction although no chiral inducer was added to the medium and without the use of an enantiopure reagent.
Results seem to indicate that the reaction medium, the presence of different ionizable groups, and/or the existence of an asymmetric carbon in the reagent are sufficient to induce selectivity in the reduction studied. This result opens the way for extensive research of this behavior to discern the causes of the asymmetry. Our current efforts are directed toward the synthesis of similar compounds, in which different substituents are introduced, to study their electrochemical reduction in different conditions and analyze the influence of structural and electronic changes on the stereoselectivity of the products obtained.
This behavior also suggests the possibility of modulating the experimental conditions to contribute to the formation of one or other product, that is, the possibility of chiral synthesis.
Conclusion
Imazapyr can be reduced in aqueous-buffered media over a mercury drop electrode. The products of the reaction from the first voltammetric wave correspond to the reduction of the 2,3-CvN double bond in the imidazole ring, obtaining two diasteroisomers. This process is pH dependent, showing three different regions of behavior. The EC i mechanism is proposed in all media.
It is possible to achieve some stereoselectivity and, perhaps, to improve it by changing the experimental conditions of reduction without using any chiral auxiliary; this should be due to the effect of pH on the reduction and because imazapyr is adsorbed only at acidic pH values.
Attending to the pharmaceutical and herbicidal properties of this kind of molecules, this optimization can be of interest because the biological activity often resides only in one of the enantiomers. 
